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ABSTRACT 
This paper shows the effects of the degree of consolidation of the soft clay layer on the strong motion response. Seismic behavior of the Kobe 
artificial islands during the 1995 Hyogo-ken Nambu earthquake is studied by using centrifuge shaking table test. At the earthquake, it is 
known that the liquefaction damage of artificial island was different from each other. Authors consider the reason why is due to the degree of 
consolidation of clay layer underlying the reclaimed ground. The model grounds used for the centrifuge test are made by the clay and fill 
material sampled from Kobe artificial island, and each clay layer of models is consolidated as the same degree as the sites. First, from the 
viewpoint of the reproducibility of in-situ behavior, the seismic response and the ground settlement are compared with observation data. Next, 
we compare the seismic response of the test results of the different degree of consolidation. It is found that the degree of consolidation and the 
shear strength of the clay layer significantly affect the ground behavior. The large damage is not always come to being on the ground with soft 
clav layer. 
1NTRODUCTION 
During the 1995 Hyogo-ken Nambu Earthquake, severe 
liquefaction was occurred in the landfill in almost whole area of 
the Kobe Port Island (P.I.). Figure 1 shows the area covered with 
Rokko bland b’N” 
EL Tb&.area covered with sand boils 
sand boils in Port Island and Rokko Island (R.I.) after the 
earthquake (after Kobe City report, 1995). Being shown in this 
figure, the area covered with sand boils in Rokko Island, where 
the land fill started ten years later than Port Island, is smaller than 
that in Port Island. The authors paid attention to the alluvial clay 
and studied the effects of consolidation degree on the seismic 
behavior of the clay layer (Kazama et al. 1998a). As the result, it 
was found that the liquefaction damage was influenced by the 
consolidation degree of clay layer. 
In this study, the objective sites are Port Island and Rokko Island 
at the 1995 Kobe earthquake, and the reproduction tests were 
conducted using centrifuge shaking table test. We make two 
model grounds, the clay layer of which corresponds to the 
physical condition of Rokko Island and Port Island. We compare 
the seismic response of the different degree of consolidation of 
clay layer. Next, the distribution of damage of ground in depth 
direction is evaluated from a dissipation energy concept. 
Fig. 1. Area covered with sand boils and sampling site on 
Kobe artiJicia1 islands. 
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Fig. 3. Grain-size distribution curves of the decomposed 
granite soil. 
THE OUTLINE OF THE CENTRIFUGE SHAKING TABLE 
TEST 
They Site and 
Figure 2 shows the ground profile of the array observation site as 
a study site, and the outline of the model. Installation depths of 
xismographs are shown in the figure. The ground behavior 
during the earthquake using these array records was evaluated by 
some researches (Kazama et al. 1996 and Zeghal et al. 1996). 
According to the research, it was concluded that the decomposed 
granite soil layer was liquefied completely and shows the 
significant non-linear behavior. 
The sealing rubber sleeve of the model is 2mm in thickness. The 
stacked rings consist of hollow cylindrical rings that are made of 
the non-stick aluminum, 6mm in thickness, 300 mm in inside 
diameter and 1 Omm in height, piling up to 44cm in height on the 
bottom plate. Being shown in this figure, the objective ground 
upper than G.L.-24Sm at the array observation site was modeled 
in this study because of the limitation of the model scale. We used 
the centrifuge of Port and Harbour Research Institute, Ministry of 
Transport, in Japan (Kitazume et al. 1995). The effective radius of 
the centrifuge is 3.8m. The one-dimensional hydraulic actuator is 
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Fig. 4. Grain-size distribution of the alluvial clay, 
Table 1. Properties of the decomposed granite soil. 
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TEST SAMPLES AND TEST PROCEDURE 
The area of Rokko Island can be classified into two parts, the one 
is reclaimed with the decomposed granite soil and the other is 
reclaimed with Kobesougun which consist of disposal of sand 
stone, mad stone and tuff However, referring to the investigation 
(Kobe city report 1995 and Kazama et al. 1998a), even if only the 
area reclaimed with the decomposed granite was considered, 
there was difference of liquefaction damage related to the 
reclaimed year in two artificial islands. Therefore, we used only 
the decomposed granite soil as a till material. 
oil andvial Clay 
The decomposed granite soil under 30mm collected from 
sampling site- I was used to make model grounds. The grain size 
distribution curves of the samples are shown in Fig. 3. Table 1. 
shows physical properties of the decomposed granite soil under 
2mm-grain size. 
The alluvial clay used in this study was collected from sampling 
site- I as shown in Fig. 1. This alluvial clay layer under Rokko 
Island and Port Island is continuous old seabed layer. The grain- 
size distribution curves of alluvial clay and the range of the 
distribution, which is reported in Kobe City report (1995), are 
shown in Fig. 4. The soil properties and physical test results of 
each sample are shown in Table 2. The consolidation yield stress 
of samples of Rokko Island are smaller than that of Port Island. 
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Table 2. Properties of the alluvial clay. 
Sample name Sampled from P.I. Sampled from R.I. 
(Sampling site- I) (Sampling site- Il) 
No. No. 1 No.2 
T-10 T-l T-4 T-6 T-10 T-13 T-l T-3 T-4 
Depth (CJ.L.-m) 22.50 19.10 19.90 20.80 22.65 23.70 23.00 25.00 26.02 
-22.90 -19.30 -20.30 -2 1.20 -23 .OO -24.05 -23.80 -25.80 -26.80 
C;rain-size analysis 0 - _ _ - - 0 0 0 
PC @Pa) 313 259 323 264 343 323 43.1 - 58.8 
u ,,’ @Pa) 315 258 273 281 301 326 237 246 251 
Gs 2.628 2.678 2.677 2.664 2.653 2.650 2.707 2.669 2.697 
IJncontined compression test 
&Pa ) d 229 _ _ _ _ _ _ 41.16 1 un isturbed 4 ,I6 
L-b W) 61.6 60.3 51.7 57.4 57.9 58.0 87.09 95.80 94.90 
\\L PA) 90.6 88.8 86.8 90.0 99.0 92.6 - 111.5 115.3 
\vp W) 38.5 35.7 36.2 36.3 40.7 55.0 - 42.0 42.7 
I P 52.1 53.1 50.6 53.7 58.3 37.6 - 69.5 72.6 
Test Condltlon 
In this study, two kinds of tests were conducted. The first test was 
named U-test (Unconsolidated test), which corresponds to the 
physical condition of Rokko Island. In the U-test, the clay layer 
was made by the unconsolidated reconstituted clay samples. The 
target of the degree of consolidation is 30% of effective vertical 
stress of the depth of 18m. The second test was named C-test 
(Consolidated test), which corresponds to the physical condition 
of Port Island. The target of the degree of consolidation is 100% 
of effective vertical stress of the depth of 18m. 
The input base motion at the depth of G.L.-24.5m was calculated 
from SHAKE using array record in NS component. For dynamic 
measurement, five thousand Hertz sampling rate was used for 
four seconds. Time scale and acceleration scale is converted to the 
prototype scale in the following section. 
roceb 
The outlines of the experimental procedure are as follows: 
a) The clay and the seawater were mixed under vacuum 
condition. Then, water content was about 180%, which is the 
double of the liquid limit as shown in Table 2. 
1)) After sufficiently mixed, the slurry is put into the stacked 
rings. 
c) Filling seawater, the pre-consolidation pressure is gradually 
loaded by the air pressure piston up to 68kPa in ordinary 
gravitational field. This is the same pressure as the yield stress 
of the clay layer under a part of the latest reclaimed area in 
Rokko Island. 
d) After consolidation, the decomposed granite soil is pluviated 
into the stacked rings filling with seawater. During the 
construction of the model ground, accelerometers and pore 
pressure meters are installed at the prescribed position. 
e) After setting the model container on the centrifuge platform, 
the centrifugal force is loaded on at 60G for several minutes 
for pre-consolidation of the decomposed granite soil. 
f) Because the centrifuge loading densified the decomposed 
granite soil layer, the decomposed granite soil was supplied 
after the centrifuge operation stopped. 
g) The centrifugal force is loaded again. After centrifugal force is 
loaded at 6OG the shaking test is done (U-test). After the 
shaking test, only the decomposed granite soil is removed. 
h) The clay layer is consolidated again using air pressure piston 
as it is. Here, the consolidation pressure 207kPa was applied. 
This value corresponds to the effective vertical stress at the 
top of the clay layer of the study site. It took about three 
months for this consolidation process. 
i) , j) and k) are the same procedures as d), e) and f), respectively. 
1) Keeping the drainage valve open, which is connected the 
bottom plate to the drainage tank, the centrifugal force is 
loaded for consolidating the clay layer. It was necessary for 12 
hours to consolidate the clay layer. 
m) After the consolidation the centrifuge operation stopped and 
the drainage valve was closed. The model ground was let? for 
7.5 hours. 
n) The centrifuge loading started from the next morning again, 
afler reloading for 6 hours, the shaking test was done (C-test). 
o) After the shaking test, the model container was detached from 
the centrifuge platform, and the decomposed granite soil and 
the alluvial clay are removed. 
TEST RESULT 
Figure 5 shows the absolute maximum acceleration of U-test, C- 
test and array records. Data of array records are larger than that of 
centrifuge shaking tests, The maximum acceleration distribution 
of U-test is largely attenuated in the clay layer. In the decomposed 
granite soil layer, the maximum acceleration become leveling off 
about lOOGal in U-test, and about 150Gal in C-test. 
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Fig. 6. Acceleration motion response. 
Figure 6 shows the acceleration time histories of U-test, C-test 
and array records in the depth direction. The acceleration records 
of centritige tests have smaller high-frequency content than that 
of array records. 
Figure 7 shows the distribution of the ratio of excess pore water 
pressure. In the reclaimed layer, the excess pore water pressure 
ratio of C-test reaches over 0.8, and the pore water pressure of 
[J-test is not so large 
Figure 8 shows the maximum shear stress ratio calculated from 
acceleration records for all cases are almost constant in depth 
direction. The value of U-test, C-test and array records are about 
0.10, 0.14 and 0.32, respectively. In the figure, shear strength 
obtained from direct shear test is also plotted. To estimate shear 
strength of the clay used in U-test, after the remolded clay was 
consolidated by the vertical stress in 68kPa, we conducted the 
direct shear test. We also conducted the direct shear test of the 
undisturbed clay and the clay cake used. These were sheared 
under the effective vertical stress of the collected depth. The shear 
strength ratio of the unconsolidated clay, the clay cake and the 
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Fig. 7. Maximum pore water pressure ratio. 
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Fig. 8. Maximum shear stress ratio. 
Figure 9 shows the stress-strain relationships obtained from U- 
test, C-test and array records. In the reclaimed layer, the stress- 
strain relationships of U-test show closely the linear behavior. On 
the contrary to this, the strong nonlinear behavior appeared in C- 
test. In alluvial clay layer, the relationship is vice-versa to the 
reclaimed layer. That is, the behavior of clay layer of C-test shows 
more linear behavior than that of U-test. 
In conclusion, the behaviors of the C-test are more consistent with 
actual behavior inferred from array records than that of U-test. 
However, the maximum strain inferred from C-test is two times 
larger than that from array records, and maximum stress inferred 
from C-test is as half as that from array records. 
rro 
We examined the seismic damage of the ground from a concept of 
dissipation energy at each layer. The dissipation energy is the area 
enclosed with the stress-strain curve and is proposed as a damage 
index to represent soil resistance by one of the authors (Kazama et 
al. 1998b and 1999). Figure 10 shows the final value of the 
normalized dissipation energy at each layer in the depth direction. 
These figures show how much the layer is damaged by earthquake. 
During U-test and C-test, the bottom part of clay layer and the 
bottom part of the reclaimed layer is the most damaged, 
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Fig. IO. Nomalized dissipation energy. 
respectively. Comparing to the results from array records as 
shown in Pig. lOc), we should say that C-test is more consistent 
with actual damage during the Hyogo-ken Nambu earthquake. 
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Figure 11 shows the subsidence of the ground surface. The 
bottom axis represents the elapsed time in prototype scale. The 
subsidence during U-test is gradually increasing without shaking, 
because consolidation of clay layer is proceeding. Looking at the 
mstantaneous subsidence after shaking, the subsidence is 
regarded as a settlement in the reclaimed layer due to liquefaction. 
After the shaking, the instantaneous subsidence of U-test is I .8cm 
and that of C-test is about 24cm in prototype scale. As average the 
subsidence observed in Port Island after earthquake was about 
i I. km (Kobe City report, 1995), the subsidence in case of C-test 
was approximately consistent with the actual subsidence of 
model scale (prototype scale) Time(min) 
-5 
I I I I I I I 
0 1 2 3 4 5 6 7 
Fig. Il. Subsidence during shaking test. 
reclaimed land. On the other hand, the subsidence on the north 
part of Rokko Island (reclaimed with the decomposed granite 
soil) was 2 1 .Ocm (Kobe City report, 199.5), and on the middle 
south (reclaimed with Kobesougun) was 9.6cm (Kobe City report, 
Paper No. 4.38 5 
1995). The subsidence of U-test was somewhat smaller than that 
of Rokko Island. 
DISCUSSION 
As shown in Fig. 5 and Fig. 6, the maximum acceleration 
responses of C-test at the surface and GL.- 16m were considerably 
small compared to that of array record. Figure 8 shows that the 
reconstituted clay does not have the same shear strength ratio of 
undisturbed clay, even if clay was made under the same 
consolidation pressure. Figure 9 shows that the secant rigidities of 
C-test in clay layer are smaller than those obtained from array 
records. Considering these results, it can not be said that we 
reproduced successfully the seismic behavior of ground, even if 
we have used clay material sampled from the objective site The 
reason why is that the reconstituted clay did not behave the same 
way and did not have the same shear strength as the undisturbed 
clay. We have to consider the aging effects of clay on seismic 
behavior of ground during a large earthquake or to develop the 
block sampling method for deep clay deposits. 
ence of wed bv Shear 
Figure 8 shows that the shear stress generated during U-test was 
the same as the shear strength of the unconsolidated clay. On the 
other hand, the shear stress ratio generated in C-test and actual 
earthquake were not beyond the shear strength of the 
corresponding clay specimen. In Fig. 5 and in Fig. 8, the 
maximum acceleration and stress in reclaimed layer of U-test are 
smaller than those of C-test. In addition to this, the generation of 
excess pore water pressure of C-test is much lager than U-test in 
reclaimed layer. This difference of damage in reclaimed layer 
between C-test and U-test are corresponds to the difference in the 
degree of consolidation of clay, which was shown in Port Island 
and Rokko Island. Figure 9 shows that the softening occurred in 
the reclaimed layer during C-test and that occurred in clay layer 
during U-test. Figure 10 shows that ground damage subjected to 
extra-large earthquake are affected by the shear strength of 
ground. It seems that the harder the clay layer is, the larger the 
seismic damage becomes, The large damages are not always 
come to being on the ground with soft clay layer. We should 
consider the ground stratum, when we estimate the ground 
damage of earthquake. 
CONCLUSIONS 
111 this study, to consider the effects of ground stratum on the 
seismic damage, we selected Kobe artificial islands at the 1995 
Hyogo-ken Nambu earthquake as objective sites. We conducted 
two kinds of centrifuge reproduction tests of these sites with 
different consolidation state of model clay ground. The model 
grounds were made by m-situ clay and till material. Conclusions 
obtained from this study are as follows: 
1) The excess pore water pressure and the acceleration response 
of the shaking test with unconsolidated clay layer were smaller 
than those of the shaking test with consolidated clay layer, And 
the subsidence of the reclaimed layer on the consolidated clay 
layer is larger than that on the unconsolidated clay layer. These 
differences are good agreement with the difference of 
liquefaction damage of artificial islands at the 1995 Kobe 
earthquake. 
2) We showed that the difference of liquefaction damage on the 
reclaimed islands during the Kobe earthquake depend on the 
degree of consolidation and shear strength of underlying clay 
layer. The distribution of dissipation energy consumed by 
plastic deformation will be significantly influenced by ground 
stratum, When very soft clay layer exists under the reclaimed 
ground, no strong shear stress over the shear strength of clay 
transmit to the upper layer. On the contrary to this, when stiff 
ground exist under the reclaimed ground, large shear stress 
transmit to the upper layer as it is. It seems that the harder the 
clay layer is, the larger the liquefaction damage in reclaimed 
ground becomes. The large damages are not always come to 
being on the ground with the soft clay layer. 
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